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PREFACEH

e of the outstanding new technologies applicable to airframe structures
s the Superplastic Forming/Diftusion Bending (SPE/DB) process.  This innova-
tive manutfacturing process in the field of titanium structures has alrveady shown
important reductions in weight and fabrication cost. SPE/DB has the potential
of becoming the technology breakthrough to produce the needed tow-cost, light-
wetght, reliable titaniun airframe structures required for the next generation
of air vehicle svstoms.

The program presented in this report is a continuation of previous NASA
programs oriented towards the application of the SPE/DB process to supersonic
crutse research (SCR).  The present program is the verification of the perform-
ance of an SPF/DB structure designod to meet the requirements of an inner wing
area of the NASA arrow-wing advanced supersonic transport concept (a Boeing
design vsed as the baseline).

The program consists of selection of structural concepts and their opti-
mization for minimum weight, SPF/DB process optimization, fabrication of repre-
sentative specimens, and specimen testing and evaluation.

The structural area used for this research includes both upper and lower
wing panels, where the upper wing panel (mainly designed under compression loads)
is used for static test evaluation, and the lower panel (mainly designed under
tension loads) is used for fracture mechanics evaluations.

Individual test specimens were cut from six 1143 mm (45 in.) by 1372 mn (54
in.)} panels and consist of 39 static specimens, 10 fracture mechanics specimens,
and one each full size panel for static and fracture mechanics testing. Trace-
ability is maintained from the large "source" panels t8 the individual small
o . o . . N O g T
spegimens. OTo.st.s are performed at temperatures of -54° C (-65° ¥), R. T., and
2007 C (5007 F).

Key Rockwell personnel associated with this program are as follows:

G. H. Arvin Program Manager

L. Isreali Project Engineer

J. Stolpestad Fatigue and Fracture Mechanics

G. Stacher Material and Producibility

F. Keoller Material and Producibility

C. Lappen Quality and Reliability Assurance
C. Moore Static Tests

S. Stomm Dynamic Tests
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Section I

INTRODUCTICN

BACKGROUND

This program was one basic facet of an ongoing long-range NASA program
consisting of interrelated supersonic cruise research (SCR) efforts directed
toward advancing aerospace technology applicable to future supersonic cruise
aircraft.

The NASA SCR program is specifically directed toward development of a
strong technology base to provide decision making rationale for future
supersonic aircraft, including aerodynamics, propulsion, systems, and
structural studies to increase efficiency of the aircraft while also providing
for environmental concerns. Under the SCR program, advances in aerospace
technology are showing that supersonic cruising vehicles can become
economically viable in the future.

Of the technologies being explored, the aircraft structure is among the
most important because it requires high reliability, sfructural efficiency, and
low cost. Several options are available for these structures, including
advanced metallics and composites. The most likely approach to SCR structures
will probably include an optimum combination of advanced metallics and
composites to produce an efficient low-cost aircraft with minimal risk. The
most promising advanced metallic structure that will have dircct application to
SCR is a new emerging technclogy using superplastic forming and diffusion
bonding (SPE/DB) properties of metals, particularly titanium. This technology
promises to become the technological breakthrough requir=d to produce low-cost,
lightweight, reliable SCR structures.

OBJECTIVES

The objectives of this program were to:

1. Demonstrate the applicability of the titanium alloy SPF/DB expanded
sandwich structure to future supersonic cruise aircraft

7. Establish state-of-the-art procurement specifications and optimize
process parameters for titanium SPF/DB

3. Supplement the design data base for a titanium SPF/DB sandwich in the
areas of static design allowable strength, fatigue and crack growth
characteristics, and crack arrestment techniques

APPROACH

This program demonstrated that SPF/DB is capable of producing titanium
structures that will meet durability and structural requirements of future SCR
vehicles



As reported in recent studies (references 1 and 2) which determined the
impact of SPE/DR technology on tvpical large, supersonic cruise atrcraft, cost
savings approaching 70 percent and weight savings approaching S0 percent, when
compared with more conventional titanium manutacturing processes, mav he
{X\S%ihlt?. Design concepts heretofore considered uneconomical or tmpract toal
ecause of high costs and fabrication difficulties, inctuding sandwich
structures, beaded panels, corvugated or sine wave spars, frames, and panels
with integral trames, are now possible using the SPF/DB process. Complex
configurations which could otherwise not be fabricated by conventional methods
have been produced in titanuum bv the SPF DB precess in a single cvcle.

Superplastictity in fitanuum 1s 4 phenomenon in which very jarge tensile
clongations mav be realized because, under the proper conditions of temperature
and strain rate, local thimning (necking) does not occur. (See figure la.)
Mffusion bonding (DB) is the joining of titanium under pressure at elevated
temperatures without melting or use of bonding agents. Fortumatelv, DB of
titanium is accamplished umder identical conditions to that of superplastic
forming (SPF). This is the hasis for the combined SPF DB process.

Combining of SPF with DB, using stopoff in selected areas to prevent
bonding, and using argon gus to expand the DB parts, provides a wide range of
structural shapes from simple two-sheet construction to extremely camplex
integral skin-stringer-frame shapes (reference 1). The fabrication of a
three-sheet sandwich structure is illustrated in figure lb. Yttria campound
(stopoff) is applied to both sides of the core sheet to prevent DB where
desired. The titanium pack is then heated to approximatelv 9270 C (1,7000 F),
argon gas pressure is applied to the sheets causing DB, followed by the
sandwich being formed by expanding the pack with argon gas injected between the
two face sheets.

SCHENILE

The program schedule is illustrated in figure 2. The four interdependent
tasks shown are described in "Program Structure.'



LIST OF SYMBOLS

sandwich cross section area

bending rigidity of facing sheets about sandwich centroidal axis
compression modulus of elasticity

column buckling stress

initial huckling stress

crippling stress (subscript indicates individual section components)
compression yield stress

core web initial shear buckling stress

core web failure stress

core shear stress corresponding to core web initial buckling stress

s

core shear failure stress
material shear modulus

core shear modulus

section moment of inertia

moment of inertia for 2p sandwich width
moment of inertia for LT sandwich width
beam length between supports

moment

applied test load

highest test load in the elastic range
colum buckling load

crippling coefficient (function of edge support and material)

distance from the neutral axis to the midfiber of the compressed
facesheet of the sandwich

applied stress



LIST OF SYMBOLS (Concl)

for applied stress at which buckling occurred
fule applied failurce sfress

f'crs applied core shear corresponding to core web initial buckling
flultg applied ultimate core shear

X huckling coefficient

Ks buckling coefficient for core web shear
¢, force arm (moment = force x arm)

197 thickness of the compressed facesheet
CFmin thinnest facesheet thickness

w effective width

6 combined bending and shear deflection

op bending deflection

55 shear deflection

[ Poisson's ratio

n plasticity correction factor

P radius of gyration

P material density

pe reduced core density (core webs considered only as core component )
€ strain

Subscripts

Lor X parallel to core orientation

TorY perpendicular to core orientation

cr buckling

cs crippling



Section II

PROGRAM DEVELOPMENT

PROGRAM STRUCTURE

In order to achieve the program objectives in a logical sequence of

efforts, a program organization consisting of four interdependent tasks was
established.

Task 1 - Structural Concept Selection

Task 2 - Process Optimization and Test Specimen Fabrication
Task 3 - Design Allowables Data

Task 4 - Structural Panel Performance

In task 1, one expanded sandwich configuration was selected and sized to
meet specified requirements. Panels were designed and detai’ 2d for fabrication
as a source of test specimens for tasks 3 and 4. Design allowable test
specimens were designed to be cut fram some of the panels.

In task 2, processing parameters for the SPF/DB operation were optimized
and specimen panels were fabricated and, where appropriate, cut into smaller
test specimens. A complete quality assurance program was developed and used
for the titanium material, processing operation, and final product.

In task 3, a comprehensive test program for selected design allowables
data was developed. Tests included short column, bending, core shear,
durability, and crack growth rate. Data have been evaluated and compared with
existing data on expanded sandwich.

In task 4, a test program was established for the behavior of large
expanded sandwich panels of the configuration established in task 1. One panel
was statically tested in compression, and one was fatigue tested in tension,
simulating a key location on the upper and lower wing surface, respectively.
Test results were evaluated and compared to theory and appropriate published
data.

Activities in the four program tasks are described in detail in the
following sections.



TASK 1 - STRUCTRAL CONCEPT SELECTION

PROTOTYPE STRUCTURAL APPLICATION

The prototype structure specified to be the basis for this program is the
upper and lower wing surface (at point 4) of the Boeing supersonic transport
(SST, study aircraft def:ned in NASA C(R145i1l. The location of point 1 and
associated loading conditions are shown in figure 3 and table I. The wing
upper surface, critical in compression, was selected as the basis for
campression strength and panel stability static testing; the wing lower
surface, critical in tension, is the basis for fatigue (crack growth) and .rack
arrestment specimens.

SANDWICH GEOMETRY SELECTION

Earlier optimization studies of SPF/DB sandwich configurations compar ed
truss, sine wave, and dimpled core characteristics, properties, and
efficiencies. The results of these studies (prior to this program) led to the
selection of a truss-core conf:guration as optimum for the requirements and
load levels of this program. It is considered a simple and efficient concept
for a ratio of more than 3:1 between the two biaxial compression loads. The
truss core was criented along the highest of the two edgewise compression
loads, resulting in a spanwise core orientation for the upper wing panel and a
chordwise orientation for the lower wing panel. (See figure 4 for panel sizes
and core orientation.)

CONF IGURATION STZING

Effort was performed to reconfirmm and finalize the geometric parameters
selected in Rockwell precontract studies. (See figure 5.) Preliminary
optimization of the upper and lower covers of the wing at point 4, the location
selected for consideration in this program, was rerformed by hand. An existing
Rockwell computer program, designed to optimize truss-core sandwich geometry
under wide-colum conditions, was used to finalize the lower wing cover sizing.
This computer program was then expanded to cover compression biaxial and shear
loaded panels and used to finalize the upper wing cover. Upper and lower panel
original configurations were improved and their combined weight reduced by
about 4.3 percent.

PANEL DESIGN

In designing the panels to be fabricated for this program, it was decided
the panels should be as large as feasible to reduce fabrication costs and
normalize as much as possible the source of the small test specimens while not
unduly increasing tooling costs and fabrication complexity. After weighing all
relevant considerations, including the state-of-the-art of SPF/DB, an overall
panel size of 1,200 by 1,500 mm (4 bv 5 feet) was selected, with a usable
uniform sandwich area of approximatelv 990 by 1,220 mm (39 by 48 inches).



To satisfy the requirements of the test plans developed and described in
tasks 3 and 4, a six-panel layout was adopted.

1. Two panels for static test elements (task 3)

Z. Two panels for fatigue test elements {task 3)

3. One panel for static pansl test (task 4)

4. One panel for fatigue panel test (task 4)

The task 3 test elements were cut from the panels in accordance with an
optimal specimen distribution layout. Figure 6 shows a typical test specimen

layout. Special attention was given to the specimen marking procedure to

insure traceability of all specimens along the entire process fram panel
cutting operation to test evaluation.

TASK 2 - PROCESS OPTIMIZITION AND TEST SPECIMEN FABRICATION
PROCESLS OPTIMIZATION

Although one of the objectives of this program was to optimize SPF/DB
process parameters, it was decided early in the program that this objective had
already n accomplished by the Air Force BLATS program. Consequently, these
newly improved procedures, which represented a forefront in the
State-of-the-art, were selected for this program to insure the best quality
available in the panels to be fabricated. These new improvements consisted of:

1. Kiss plates around the panel between the container and the cover plate
to limit the squeeze effect on the sealing contour

2. Time extension of internal drgon pressure over a portion of the

cooling stage to reduce core deformations after the end of the forming
process

3. Container installation on top of the cover plate for easy release of
the SPF/DB panel fram the container and to enable unrestricted panel
rest on the flat cover area

4. Breakthrough and reverse breakthrough simul taneous rapid start of the
core forming process over the entire panel area

A step-by-step description of the SPF/DB process as applied to panel
fabrication in this program is provided in a subsequent section of this report.



MATERIAL PROCUREMENT

Because of the imordinately long procurement time for titani.m sleet, the
material for this program was obtained fram numerous existing reserve
stockpiles. However, exact sheet thicknesses desired were not availahie in all
cases and DB of two or three sheets to form one sandwich face was necessary.
This supplementary operation was performed corcurrent with manel fabrication in
order %o have a low impact on the cost of the program. This procedure had been
successfully accomplished prior to this program, and no program problems or
data contamination were expected or experienced.

Coupons from each sheet of material (figure 7) were made and furnished to
the Rockwell Science Center for material characterization to set exact process
parameters for the SPF/DB process for each panel.

TOCLING

The most expensive tooling for this program would have been the steel
panel container for the SPF/DB panel fabrication process. Fortunately, an
existing container for the Space Shuttle windshield frame was made available to
this program and saved the cost of machinin a new container. The Space
Shuttle container and cover plate (figure 8} were of a size edsily adaptable to
this program except for the cavity depth, which was greater than the panel
thickness desired. This problem was easily solved by fabricating a
depth-reducing insert to be placed in the cavity.

The Space Shuttle container was inspected and measurements of the
container depth indicated a bow in the center of the tool. A nominal depth was
calculated, and the insert design was predicated on that measurement. The
insert shown in figure 9 was machined aof low carbor steel plate.

SPF,/DB PROCEDURE

The improved 3PF/DB process used in fabricating the expanded sandwich
punels for this program is illustrated by the following step-by-step sequence.

1. The argon tubes are installed on one face. (See figure 10.)

2. The core sheet is slotted for argon tube access into the panel. (See
figure 11.)

3. Argon tube location in core sheet slot. Holes for argon access to
both sides of the core are provided as well. (See figure 12.)

4. The two silk screens are ready for yttria application on both sides of
the core sheet. (See figure 13.)

5. One silk screen is positioned over the core sheet for yttria
application. (See figure 14.)



6. The core sheet with yttria applied on both sides is aligned with thg
first face (guide bolts). The argon tubes are tightened with titanium
strip welded to the core sheet. {(See figure 15.)

7. The second sandwich face is laid down. (See figure 16.)

8. The clamped pack is tack welded together. The long pipes are
temporary supports for the argon pipes. (See figure 17.)

[E4¢]

The pressure plate and container are prepared for processing. The
slots for argon tubes can be seen. (See figure 18.)

10. The container insert is installed. (See figure 19.)
11. The container is placed on the heating platen. (See figure 20.)

12. The pack with the picture-frame seal is laid on the container. (See
figure 21.)

13. The entire system (pack, container, pressure plate, platens,
insulating material, pipes, and thermal sensors) is installed into the
4,500-ton press. Gas and liquid argon supply vessels are on the right
side. (See figure 22.)

14 The control wunit especially designed for the SPF/DB process is ready
to monitor panel fabrication.

15. The end product is cut and cleaned. (See figure 24.)

PANEL FABRICATION

All six panrels were fabricated, radiographically evaluated, and
dimensionally inspected. The panels were made on a 4,500-ton press, using
basically the same procedure as described in the preceding paragraphs, with
exceptions described in the following paragraphs.

Fatigue Test Panels

Fatigue panels 1 and 2 (F-100 and F-200) showed a smooth surface with only
little grooving at the edges. Because the grooves were located out of the test
specimen area, they did not affect the test results. The X-ray survey
perfomed on these two panels showed same very minor core buckling, but thz
buckling level was found acceptable according to previously established BLATS
standards. No ruptures of the core were found.

Panel 3 (F-300) was fabricated in the same manner as the previous two
panels. Evaluation of panel F-300 by radiographic means showed slight core
distortion and some small core ruptures. However, the ruptures were in the
boundary area, which was not used to make any of the individual test specimens.
The three completed fatigue panels are shown in figure 25.

Two examples of radiographics are shown in figures 26 and 27.
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Panels 1, 2, and 3 (F-100, F-200, and F-300), fabricated for fatigue,
crack growth, and crack arrest tests, were chem-milled to final dimensions, and
specimens were cut, end filled, and set up for testing. (Testing is described
under tasks 3 and 4.) The small specimens are shown in figure 28 and the full
panel in figure 29.

Static Test Panels

Panel 4 (S 100 first static panel) was produced following identical
procedures used on the previous three fatigue panels. This panel has the core
sheet thickness, as well as the core configuration, modified to satisfy static
panel requirements. Sealing problems were encountered because of using several
smaller heating platens of various thicknesses. As a result, the DB cycle was
conducted at a lover pressure level 1.72 MPa (250 psi) instead of 2.07 MPa (300
psi), and the time was extended correspondingly to 4 hours instead of 2 hours,
as covered by '"Manufacturing Process Procedures.”

Problems arose during the forming cycle as a consequence of accidental
complete pinching of both inlet argon supply needles. The breakthrough process
was substantially delayed until the problem was located; thereafter, the two
outlet argon needles were used for supply. The panel, consequently, was formed
with argon pressure and without argon flow.

The part was completed, and a visual inspection showed a well-formed part
with slight surface grooving. However, radiographic inspection revealed
nurerous internal defects.

After the S-100 panel was produced, inspection of the container showed an
important out-of-plane deformation of the insert toward the edges and
especially in the corner areas. A decision was made to continue the use of
this container without repairs to the insert in order to avoid a possible
additional delay caused by the impending return of the container to the Space
Shuttle program for a spare-parts rum. It was assumed that the specimens to be
obtained from the remaining panels would not be affected bv deformation at the
panel edges.

Panels 5 and 6 (S-200 and S-300) were fabricated using identical
processing procedures &as those used for previous panels. The DB cycle was
typical, breakthrough was rapid at low pressures, the identical
pressure/temperature cycle used in fabrication of panel 4 -vas applied, and
removal and cool-down followed normal procedures. Both paii2is were well-formed
and displayed only slight surface grooving. However, the sixth panel showed
some core rupture on the X-ray inspection, while the fifth panel showed a good
core. An investigation to determine usability of the sixth panel indicate§
that the necessary test specimens could be extracted from the good areas of the

panel. The specimen layout was modified to avoid discrepant areas, and the
specimens were then cut from the panel.

QUALITY ASSURANCE PLAN

A quality assurance program plan of action was established for this
program. Related detail inspection instructions were established to implement
the plan of action.



RADIOGRAPHIC INSPECTION RESULTS

In accordance with the inspection instructions, the six panels were
checked for quality. Radiographic inspection of core sheets was used to verify
the relationship of the pattern silk screened on opposing surfaces. Fully
formed and bonded panels were radiographically inspected for core rupture, core
thinning, core distortion, node nonbonds, and node spacing. Ultrasonic
inspection normally used to evaluate gas bonded areas (closeout) was not
applied to this program because all closeout structures are trimmed from the
element test specimens. A summary of the type of discrepancies found in the
six fabricated panels by nondestructive testing is shown in table II.

An evaluation of the core rupture in panels 4 and 6 was accomplished by
comparison of the processing records of panels 4, 5, and 6. Records indicate
that slight overtemperature conditions existed on panels 4 and 6 but not on
panel 5. In addition, breakthrough anomalies were encountered on panels 4 and
6 and are considered to be the primary cause of the core rupture. Pinched or
constricted gas needles resulted in nonoptimum breakthrough processes which
directly affected application of the desired strain rates. Actual strain
rates, as opposed to planned strain rates, were high because of the combination
of nonuniform breakthrough times and pressures and the slightly overtemperature
condition. The conclusion was drawn that for future panels greater emphasis
must be placed on maintaining a maximum process temperature of 9270 C
(1,7000 F) on any thermocouple, even at the expense of deviating on the minimum
temperature requirement. In addition, it is apparent that locating and
maintaining the gas needles in the proper position during pack buildup and tool
transport into the hydraulic przss will require special care in future
operations.

TASK 3 - DESIGN ALLOWABLES DATA

STATIC TESTS

Static Test Plan and Specimen Geometry

The static test plan was established to provide preliminary design
allowables data for short column, core shezar, and bending beam loading, both
longitudinal and transverse, for three temperatures. The static test plan is
sumnarized in table III.

In the following subsections, each type of specimen will be individually
discussed relative to its predicted strength, the data from the static tests,
test/predicted strength correlation, and recommended semiempirical design
strength formulae. In each of these subsections, standardized nomenclature
will be used for algebraic reprasentation of structural parameters and for
sandwich geometry. Figures 30 and 31 illustrate the geometric nomenclature for
this program; the parameters u 1 in the strength equations are defined in the
List of Symbols.
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The material properties used in the test evaluations are shown in table
IV. The RT values were obtained from Reference 3 (page !-10), the -540 C
values from Reference 4 (pages 5-83 and 5-80), and the 2600 C value from
Reference 4 (pages 1-16 and 1-17) as an average between 2040 C (4000 F} and
160 € (6000 F).

The test specimens for the short column, core shear, and bending beam
tests are shown in figures 32, 33, and Y4, respectively.

Short Colum - Longitudinal Core

The longitudinal short column tests were conducted to verify the predicted
values for:

4. Llocal stability stress (initial buckling F.p)

b. Failure stress (crippling Fcg)

c. Compression modulus of elasticity (E.)
A total of seven specimens were tested at low, room, and high temperatures, as
shown in table III. The test results, the predicted values, and their
correlation are shown in table V and figures 35 and 36.
Predicted Values

For local stability stress prediction, the conventional buckling formula

was used:

Al ‘ } h]
- t.. -
‘ . |
o N min

K Yo [C hF

Covaiues for hotrom Reteronve 8.
\

For failure stres., prediction, the conventional crippling formula was
used:

where ca = 771 for truss core sandwich made of Ti-6Al1-4V alloy
(Reference 9)

Subscript i indicates the individual sandwich section component under

consideration. Besides the aforementioned crippling formula, the following
limitation must be considered:

Fes > Fey



The crippling stress calculated for individual components of the truss
core section are combined in the following formula:

where :\i = t; X h'l

"est Results

Test data consist of load versus deflection, gage readings, strain gage
indications, and geometry of tne individual specimens. The buckling and
ultimate stresses were obtained by dividing the applied buckling and ultimate
loads bv the total transverse section area. The total transverse section area
includes both face and core sheets.

l)
X Cl
tcr T o h
. .
11 (tF + Y + tN)
1 2
I‘I
L 11 L S
ult -
i1 (tFl + rr‘ + rN)

The compression modulus of elasticity, L¢, Was obtained by the
conventional formula:

Test/Predicted Correlation

The test/predicted (T/P) ratios exhibited a narrow spread, indicating a
good prediction capability. A general review of the ratio of test/predicted
values shows:

Average Lowest Highest
load instability 1.01 0.94 1.09
Failure stress 1.08 0.99 1.18
Modulus of elasticity 1.03 0.93 1.16
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Recommendat ions

A correction factor of 0.84 is recommended for design buckling stress and
0.90 for design crippling stress to bring the average margin of safetv to .20,
The average TP modulus of clasticity ratio is 1.03% and the predicted E. vilues
are recommended to be considered adequate.

Therefore:

{"A_ gL l l o O D Reterence

The little influence of the F.y cutoff value in Fcg computation for the
node was neglected. The weighted crippling stress formula remains unchanged.
For modulus of elasticitv, the data provided in table IV should be used.

Test values for 2600 C indicate that the compression modulus of elasticity
derived from Reference 4 for that temperature may be too low. The value of B¢
(96.19 GPa) used in the foregoing test for 2600 C would have to be increased to
106.77 GPa to bring the ('I‘/P%AV to 1.00. However, since this observation is
based on onlv three tests, it is recommended that future programs include a
recheck of the compression modulus at 2600 (.

Figure 7 shows a tvpical room temperature setup, while figure 8

illustrates the elevated temperature test equipment. Figures 39 and 40 show a
typical specimen after fatlure,

Short Column - Transverse Core

The transverse short column tests were conducted to verifv the predicted
values for:

a. Local stability stress (initial buckling, For)
b. Failure stress (1.20 x initial buckling assumed)
¢. Compression modulus of elasticity (Ec)

A total of seven specimens were tested at low, room, and high temperature, as
shown in table III.

The test results, the predicted vaiues and their correlation are shown in
table VI and figures 41 and 12.



Predicted Values

For local stability stress prediction, the conventional wide column
formala was used:

v AN o2

i‘ ﬂ' t l
S . N nn N o HetoTen. o N
n v . o '

For failure stress prediction, 1.20 times initial buckling was used.  The
stress level was in the elastic range; therefore, the plasticity correction
factor was equal to unitv.

Test Results

Test data consist of load versus deflection, gage readings, strain gage
indications, and geometry of the individual! specimens.

The buckling and ultimate stress were obtained by dividing the applied
buckling and ultimate ioads by the transverse area of both face sheets.

The compression modulus of elasticity, E-  was obtained by the
conventional formula:
&
cr
SoEllo(t, vt
Ll |2
Figure 4% illustrates a typical specimen setup readv for test. Figures 44
and 45 show a tvpical specimen after failure.
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Test/Predicted Correlation

The test/predicted (T/P) ratios exhibited a narrow spread, indicating a
good prediction capability. A general review of the test/predicted values
shows :

Average Lowest Highest
Local instability .84 73 .99
Failure stress 1.02 .93 1. 14
Mcedulus of eiasticity 1.64 1.47 1.89

Recommendstions

Although the correct test value fer initial buckling is difficult to
establish, the predicted values proved about 16% higher than the values
obtained from tests. To correct this discrepancy and to provide a 20% margin
of safety for design purposes, a correction factor of 0.84 x 0.8 = 0.65 is
recommended to be used with the buckling formula. The resulting initial
buckling design formula is:

? t 2
IT~I- ™ l?'c :nLin SN o Yot 3
UL .85 K - = : l\\' from Reterence 8.
K Yoo - e, £

For failure stress prediction, the initial buckling formula, increased by
20%, provided a test/predicted ratio around 1.02. Therefore, the initial
buckling formula is considered suitable for design ultimate stress, providing a
20% margin of safety.

> t.. 2

e o T Cmin} Ly

U Yoo\ Of

from Retference N.
N

For elastic modulus, the test results provided moduli of elasticity
between 47% and 8S% higher than the predicted ones. For example, at room
temperature the average test value was E- = 176 GPa in contrast to the expected
value of 113 GPa. The discrepancy is high but consistent, and indicates an
unidentified influence that could not be traced to the computer or test machine
readings. All seven tests are grouped in a narrow band. All test values
reduced by a factor of 1.64 are shown in table VII in the next to last column.
The test reduced value/predicted ratios are shown in the last column.



Since the longitudinal short column tests showed good correlation between

test resuits and predicted values, and because modulus of elasticity is a
material characteristic, the predicted values shown in the longitudinal short

colum evaluation are considered correct and recommended for design.
In a similar manner to the results of longitudinal short column tests, the

transverse short colum tests at 2600 C indicate that the material Ec ~ 96. 10
GPa is too low: further investigation is recommended.

Core Shear Beam - longitudinal Core

The longitudinal core shear beam tests were conducted to verify the
predicted values for:

a. Core shear stress (Fé )
1

b. Core shear modulus (Gé )
I.

A total of seven specimens were tested at low, room, and high temperature as
stown in table [II.

The test results, the predicted values, and their correlation are shown in
table VII and figures 406 and 47.

Predicted Values

For core shear instability, the -omputations are based on core web
elements. The shear buckling stress was obtained by using the conventional
plate shear formula:

S . C , . - _
==K, — 5 |7 » R from Reference .

The Kg value obtained from Reference 5 considers the core web under combined
shear and inplane web bending 1oadinﬁ. The Ks value was obtained as a function
of web aspect ratio and bending-to-shear stress ratio:

« -if2
S b’ f (Reference 5)

S

17



Using appropriate diagrams, the conversion from Fg/n to Fg was per formed.

The core web shear stress was translated to core shear stress with the
following formula:

t -
O O
= S

I

For predicted elastic shear properties, the following material shear
moduli were used:

G e e T Go= 13,82 Gha
Ca0) B (RT) ’

G(RT) = 42.75 GPa (Reference 3)
i
Y Oa B
U ey ,}5»1_3:_([%_\7_\ G = 30.3b GPa
(,(‘o . |8 (RT\

CIRTY

The core shear properties were predicted by using two different formulas:

[R]

Gtoo= Pe L
: = =
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w
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) ~ cloronce o
< , (b + b Vo ) B ,
I C R N

where

" h\‘ t.\‘
= IR A D v 1. ot
pc <l 5] P . N n e

27048 b/t

©
1

Comparinz predicted values and test results, the second formula was found
more appropriate and is recommended.
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Test Results

Test data consysr of Toad yersns deflection, and aeomer o
individual specimens. 1Te ~ooii-oo and ultimate core shear sro0st -0
obtained by dividing r:{f » =ne ppliad load P/2 by rhe trans oo
the i:eam specimen.

The elastic behavior was analyvzed by considering both bending andi

R
defle:tions:
6 -0 +§
B S
3
6 - U AN
IR 36T A
O C -
]
where
Vo= shear section darea = 11 h
(W

From the foregoing formula, the core shear modulus is obtained:

PL/4A

N L

Lo -~ T : ‘%/
Lood e

.

Figure 48 groups the six longitudinal core shear smecimens after fatlure,
while figure 49 shows a closer failure detail of one tvpical specimen.

Test/Predicted Correlation

The "as fabricated" core web thickness was foumd to be substantial lv
thicker than designed. Consequently, the core web shear stress reached the
plastic range and the test/predicted evaluation results were distorted.

Another factor which influenced the test/predicted results was the buckled core
web resulting from fabrication. The buckled core was caused hy a compressive

load imposed by the container upon the SPF/DB panel after the core had heen
fully formed.



v general review of the test/predicted values shows:

7A;érage - Lowé%f.ﬁ 1 Higﬁég?nya—
Core shear instability .67 .60 T
|
Core shear fatlure stress % IR A 8 1.01
!Shear modulbus N ‘_E‘ " IE~ L L8 - 2.

The test results of specimen CSLHU have been Jdiscarded since the toad was
applied through 1 too narrow 6.35mm (174 inch)-wide metal strip. For the other
specimens, a 25..m (1 inch)-wide metal strip was used for toad application.

It should be mentioned that the stabilizing filler in the load application area
was inadvertently omitted from the high temperature specimens.

Recommendat ions

Plate shear tests are recommended in the future to avoid potential ervors
originating from the combined bending and shear loading. However, the present
test results can be considered acceptable for preliminary design sizing.

For core shear stress, the initial buckling has an average test/predicted
ratio of 0.67. To provide a 0.20 margin of safety fer design purposes, a
factor of 0.67 x 0.8 = 0.53 is recommended to be applied to the prediction
formula discussed earlier:

E .
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for buckling shear in core web.

The ultimate failure stress test/predicted ratio averaged 0.91. To
provide a 0.20 margin of safetv for design purposes, a factor of 0.91 x .80 =
0.7% is recommended to be applied to the prediction formula:
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_ For both initial buckling and ultimate stress, the I, and F stresses
in core webs are obtained in the following procedurz: 2oy Sult

Multiply F_ /nor F_ /nbyy3. Obtainy/3F  or J3F from figure
o cr “ult cr Suit
50. Divide them by’J@: [f allowable core shear is required, multiply the core
web shear stress by t./p:
Eroo=k ok = e

S STl s 3
cr CUOp ult ult

Core shear modulus, G' , was obtained in a relatively scattered pattern.
The high temperature tests showed higher than predicted values. It may be
assumed that the modulus of elasticity is influenced much less by high
temperature than indicated by present data available. Therefore, the Ec = .96
GPa should be checked in future programs. Similar recommendation: were given
in the preceding test evaluations.

The lower-than-predicted values for low and room temperature are
presumably caused by the core being buckled from fabrication. An average for
those tests indicates a test/predicted ratio for the core shear modulus of

0.85. It is recommended, therefore, that the prediction formula be reduced by
this factor:

2

Py

(bC + bN)(C -t

G' = 0.85G
C

L ‘7)

N

Core Shear Beam - Transverse Core

The transverse core shear beam tests were conducted to verify the
predicted values for:

a. Core shear stress (FS )
T

b. Core shear modulus (G )
c

A total of seven specimens were tested at low, room, and high temperatures as
shown in Table III.

The test results, the predicted values, and their correlation are
presented in Table VIII.



Predicted Values

For core shear stability, the computations are based on core web elements.
The core web compression buckling stress is obtained by using the conventional
wide column formula:

'w_ S tC ~
n S -y \%

where
Kc =1 (for ?inned ends )
Kc = 4 (for fixed ends)

Since all the buckling stresses were found in the elastic range

The core web compression stress was translated to core shear stress by the
following formula:

The core shear elastic properties were predicted by using two different
formulas:

Ecct- cosbo
1.85 . (empirically derived from earlier tests)

Cr plp - bNJ

—
o3
]

(c-tN)tN

Gé = 5 (Reference 6)
T (bc + tN)

As in the longitudinal core shear evaluation, the second formula compared
more favorable with test results.



Test Results

The same approach was used as for the longitudinal core shear tests with
some alteration:

a. (IL) is replaced by (LT) and vice versa

b. GC{ is replaced by GQT

Test/Predicted Correlation

The test/predicted (T/P) ratios exhibited a large spread, indicating
limited prediction capability, with the entire field centered around a T/P
average of about 0.43 for buckling stress, 0.54 for ultimate stress, and 0.70
for core shear modulus. A general review cf the ratio of test/predicted values
shows:

Average Lowest Highest
Buckling stress 43 .32 .61 -
Failure stress .54 .43 72
Core shear modulus .70 .35 1.01

The wide spread and low T/P ratios obtained are attributed to the core web
deformations resulting from fabrication. This initial eccentricity of the core
web decreases considerably the column performance of each individual web
element. The core web "as fabricated" deformation is a random phenomenon
differing from web to web and along each web.

Recommendations

Plate shear tests are recommended in future programs to eliminate the
bending deflection influence brought in by the core shear beam type of test.
Although more expensive, plate shear tests offer the advantages of greater
reliability and more direct data analysis. Improved manufacturing methods will
reduce the initial core web deformations, increasing significantly the T/P
values. On the basis of present tests, it is recommended that reduction
factors be applied to reconcile the prediction formulas with the test results.

A correction factor of 0.35 is recommended for design buckling stress and
0.43 for design failure stress to bring the average margin of safety to 0.20.
A reduction factor of 0.70 is recommended for core shear modulus. The
resulting design equations then become:

WCT mw XZC tC 2
_.,,7.7_ = 0,35 K e <6—> iDesien buckling:

<




(Design fallure)

Bending Beam - longitudinai Core

The longitudinal bending beam tests were conducted to verify the predicted
value for:

a. Local stability stress (initial buckling - F..)
b. Failure stress (crippling - Fcg)

A total of five specimens were tested at low, room, and high temperatures, as
shown in Table III.

The test results, the predicted values, and their correlation are
presented in Tabie IX and Figures 51 and 52.
Predicted Values

For local stability stress and failure predictions, the conventional

buckling and crippling formulas, respectively, shown in the longitudinal shorc
colum test evaluation were used.

Test Results

Test data consist of load versus deflection, gage readings, strain gage
indications, and geometry of the individual specimens.

The applied buckling stress was obtained by using the bending stress
formula:

cr 21—



The applied failure stress was obtained as above, but in the section
properties computation the facesheet width (bg) between nodes was reduced to

the effective width (w). Similarlv, the compression side of the core web width

was reduced to 1/4 be.

Figure 5% shows a tvpical test specimen in the test apparatus after
failure, while figure 54 displays all of the failed bending beam specimens,
both longitudinal and transverse.

Test/Predicted Correlation

The test/predicted (T/P) ratios exhibited a relatively narrow spread,

indicating a good prediction capability. A general review of the ratio of
test/predicted values shows:

Average Lowest Highest
Local Instability 1.06 .92 1.24
Failure 1.32 1.02 1.62

Recommendations

A correction factor of 0.88 is recomended for design buckling stress, and

1.10 for design crippling stress to bring the average margin of safety to 0.20.

Therefore:

Buckling design stress,

b

- t -
F o b F
12 n.ss K S — <~J> ; K\ trom Retoerence 8.
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Crippling design stress,

: NS RN P
I+ = 1,10 ¢ /If B <~l> o0 = 077 (Retference
oS C!\J cv C
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The little influence of the F.y cutoff value in Fcg computation for the node
was neglected.

The combination crippling formula remained unchanged.

[ )
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Bending Beam - Transverse Core

The transverse bending beam tests were conducted to verify the predicted
values for:

4. Local instability stress (initial buckling - Fer)
h. Failure stress (Feg)

A total of five specimens were tested at low, room, and high temperatures, as
shown in Table III.

The test results, the predicted values, and their correlation are shown in
Table X and figure 55.

Predicted Values

For local stability stress prediction, refer to the transvese short column
prediction discussion.

Test Results

Test data consist of load versus deflection, gage reading, strain gage
indications, and geametry of the individual specimens.

The applied buckling stress was obtained by using a simplified bending
stress formula where only the facesheets resist moment

MO
v vr
Cr t
! F{comp)
M e )
Ol or

P was considered the load where the load versus strain curve separates from a
straight line

The applied failure stress was considered equal to the buckling stress
since the load versus strain curve separates from the straight line and the
failure occurs immediately.

Figure 56 shows a typical specimen after failure.



Test/Predicted Correlation

The test/predicted (I/P) ratios exhibited a relatively navrow spread,
indicating satisfactory prediction capability. A general review of the ratio
of test/predicted values shows:

i - - B e

Average Lowest Highest

Local 1nstabiirty 1.4 1.23 1.06

Recommendat tons

A correction factor of 1.20 is recommended for design huckling stress to
bring the average margin of safety to 0.20. The equation for design buckling
stress then becomes:

l: . TT } . / tl :
SI: = 1,20 N . - . K from Retoeronce S.
T \

n Yo —u“)\hr
FRACTURE MECHANICS TESTS

The purposes of the fracture mechanics tests were twofold: (1) To
determine the da/dN crack growth characteristics of superplastic formed and
concurrently diffusion bonded Ti-6Al-4V titanium truss core sandwich panels
subjected to constant amplitude load cycles, and (2) to demonstrate the
durability, damage tolerance, and residual strength characteristics of a
moderate size wing panel subjected to a load spectrum representative of a
supersonic cruise vehicle.

Crack Growth Design Allowable Tests

Specimen Description

Nine crack growth design allowable tests were conducted at the load and
temperature schedule listed in table XI. The test specimens were 190 mm (7.50
in.g wide, 610 mm (24 in.) long, and approximately 25 mm (1 in.} thick. All
specimens contained a 2.5 mm (0.10 in.g long through-the-thickness crack
created by electrical discharge machining (EDM) in one face sheet at midpanel.
These flaws were precracked in three-point bending prior to test. Details of
the panel cross-sections in the test area are shown in figure 57.

The specimen face sheet thickness dimensions listed in table XII were
measured from the fracture face after failure and vary somewhat fram the
nominal drawing thickness dimensions. The measured dimensions were those used
in determining the maximum test stresses listed in table XI. The resulting
applied stresses for the constant amplitude tests were lower than the intended
231 MPa (33.5 Ksi) because of larger-than-normal face sheet thicknesses
remaining after chem-milling.



'R

-t

Fight of the specimens were tested to a constant amplitude load cvole with
aomaximm axial tension stress of approximately 207 MPa (30 ksi) at an R-tfactor
ot revo. The miath specimen was tested to the spectrum listed in table XU,
with a maximm spectrum stress of 280 MPa (33,5 ksi). AlLl tests were conducted
noan air environment at the temperatures noted in table XU with a cvclic rate
of approximately 3 Hr o Crach lengths were measured and recorded after every
.3 mm {0,058 vnch) increment of growth up to tatlure.

Test Results

The crack arowth curves tor the toneitadinal core ecimens tested at
temperatures of 1O C {700 E), S0 ¢ (650 ), and Jo00 O {S000 F) are shown
in frgures S8, 59, and o, Froure ol shows the comparative curves tor these
three tests with the data nomalized to a conmon inttial crack length, ¢ = 2 mm
(.08 1n.).  Based on past experience with other materials, it was expected that
the sub-zero temperature test would produce a slower growth rate and longer
test lite than the equivalent load room temperature test and that the reverse
would be truie of the elevated temperature test.  These tests were nn at the
same load level to facilitate this comparison.  The curves in figure 6l confirm
the expected longer life at 530 ¢ (-650 F) compared to room temperature, but
also show the 2000 ¢ (5000 F) test with greater life than the room temperature
test. No explanation ts offered for this., EBEach of the tests showed a moderate
level of crack arvestment provided bv the core nodes as thev were approached by
the growing crach. This is shown graphically bv the change 1n slope of the
curve as it approaches the first and then the second node. Figure 62 shows the
growth curve of a similar specimen but with a crack-arrest strip chem-milled on
the face sheet at the second node. No appreciable influence ts shown by this
strip in terms of additional crack arrestment bevond that provided bv the core
node since the crack was long at this point and growing at a controlled but
fairlv rapid rate compared to the size of the crack strip.

The crack growth data for the transverse core specimens tested at
temperatures of 21O ¢ (700 UY S40 € (65O BFY, and 2600 ¢ (5000 F) are shown
1 crack length versus cveles and 1 the traditional Jda‘dN versus K formats,
respectively, 1n figures 63 through 68. Figure 69 shows the camparative Jdata
for these three tests in da’dN versus X format. As in the case of the
longitudinal core tests 1t was expected that the sub-zero test would produce
the slowest growth rate and the elevated temperature test the fastest rate,
with roam temperature in betweer. Again, however, this trend was not
demonstrated by the Jdata. The growth rate lines of figure 69 confirm the
expected slower growth rate at -S40 C (-650 F) compared to room temperature,
hut also show the 2600 C (S000 F) test with a slower growth rate than either
the roam temperature or sub-zero tests. (me common characteristic of each of
the three transverse core tests was a slope of the da/dN line of approximately
2. Reter to figures 64, 66, and 68. This slope is substantially lower than a
tvpical da/dN curve slope in the range of  to 3.5. (ne possible explanation
is that a shallow slope is a characteristic of Ti-6A1-4V SPE/DB processed



matcrial. Another contributing factor, and perhaps the predominant one, 1s
that load is being progressively shed by the cracked face sheet through the
diagonal core to the back, uncracked, face sheet. This thought is confirmed by
limited strain gage data fram test F-11 in which one strain gage on the back
face gave progressively larger readings from 210.3 MPa (30.5 ksi) initially to
a maximum of 248 MPa (36 ksi) as the front face crack grew from its initial
size to a length of 88.9 mm (3.50 in.).

Figure 70 shows the growth curve for test F-11, a transverse core specimen
with crack arrest strips on cne face sheet. Figure 71 shows a comparison ot
test F-11 with test F-12, 4 similar transverse core panecl but without crack
arrest strips. Both tests had been run at the same cyclic stress level and had
essentially the same initial crack length. The shaded arca shows the influence
of the crack arrest strips. The improvement in life was from 64,000 cvcles on
F-12 to 72,000 c¢vcles on F.11, an increase of 12 percent.

Figure 72 shows the crack growth curve for spectrum test F-06. Fatlure
occurred after 247,000 cvcles of step 5 of the second lifetime. The crack had
grown fram an initial size of 4.lmm (0.16 in.) to a final ~ize of 177.8m (7.0
in.) at failure. A total of 1,709,000 load cycles had been applied at the time
of failure, equivalent to 1.33 lifetimes. The most damaging load steps were
climb segment steps 5, 6, and 7 of the first lifetime and ground-air-ground
segment step 4 and climb segment step 5 of the second lifetime. The 1.0-g
stress level for this *ect was (25 ksi) and the maximum stress (step 7) was
(33.5 ksi).

TASK 4 - STRUCTURAL PANEL PERFORMANCE

STATIC TESTS

The static tests consisted of compression panel tests. One panel, 996 x
1143 mm (39 x 45 inches), was tested in the core longitudinal divection. The
original test plan called for this panel to be tested in the transverse
direction to limit load prior to performing the ultimate (failure) strength
test in the longitudinal direction. In order to avoid the possibility of an
unexpected failure or permanent distortion during the transverse loading, a
decision was made to use a separate specimen 280 x 830 mm (11 x 35 inches) for
the transverse loading and to test to failure.

Longitudinal Compression Panel

The static compression panel test was designed to verify the accuracy of
the compression panel predicting method, applied to the uppercover conditions
of)point No. 4 of the supersonic transport vehicle. (See figure 3 and table
I.

The loading condition consisted of combined biaxial and shear loads on a
very long panel (a/b ratio of 4.73). Since a test of this size of panel would
be impractically expensive, a a/b = 1 panel was chosen. For panels with aspect
ratio a/b = 1 and a/b = 4.72, the buckling coefficient is equal. Therefore,
testing a panel with aspect ratio a/b =1 is considered satisfactory.
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To obtain general instability mode of failure, the maximum size of pa
was chosen. The manufactured panel had a full size of 1524 x 1219 mm, of

1241 x 1013 mm was expanded sandwich. The largest possible size of compression

test specimen obtainable fram this panel was 1143 x 1143 mm, including same
non- sandwich edge area, for an a/b = 1.

Predicted Values

To predict the compression panel general instability, the method of
reference 7, based on Rayleigh-Ritz energy method, was used.

was provided for test, with the long side parallel to the core.
equation is:

m
Nx - K\ —-—D’
A ([‘T)u
where
K, = fla/b, J) = 4
o= Hoss
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U= ¢=2.16Xx 107

ST
(c - t)
Gt =0.76 _~IB T bt§ = 087 MPa
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b = —= tN
C sin@
( o)
Et. (c+t.)
p--oFf F - 4.74 x 10°

2 (1 -,42)

The '"as-designed"”

1143 x 1143 panel had the side flanges incorrectly cut and a 1143 x 996 panel
The stability



The predicted value of the buckling load Py {or the "as-designed' specimen
was 1.355 x 100N, so an available test machine with a maximum capacity of 1.779
x 106N was considered adequate for testing this specimen. However, the
nas-fabricated" specimen had thicker face sheets than intended and the panel
did not buckle even at maximum test machine capacity. A review of the
predicted buckling load using actual face sheet thicknesses resualted in a new
value of 1.879 x 106N. Unfortunately, no higher capacity test machine was free
at that time to retest to the higher expected load. Consequently, a limited
conclusion can be drawn that the panel showed nc evidence of the onset of
lateral deformation within 6 percent of the predicted buckling load.

Figure 73 shows the compression panel in the test machine.

Long Colum - Transverse Core

The transverse long cHlumn test was conducted to verify the predicted
values for:

a. The "wide column” behavior of a panel with high ratio of length/width

b. Local stability stress (initial buckling - Fcr)

An 890 x 280 mm (35 x 11 inches) panel was tested as a long column at room
temperature. The truss core was oriented along the 280 mm side and the ends
were pinned. As mentioned previously, because of nondifferential face sheet
chem-milling, the design face sheet thickness was obtained in certain areas
only; in the remainder of the panel the face sheets were thicker than intended.
In addition, because of the container deformation, the sandwich panel itself
was thinner than designed, with the core webs less stretched (i.e., thicker)
than intended. Consequently, the predicted specimen properties were
recalculated for the "as fabricated" dimensions.

Predicted Values

For prediction of the local stability stress, the conventional buckling
formula was used:

T O\
F_r _ }\,v < . bmln
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where

. ‘
K =f g——f— . 0) - 1.62 (Reference 8)
F

t t. cos@
S = 0.72
S :
min min
9 = 51°
£T _ 284.9 MPa
n

Since the stress level is in the elastic range:

T
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284.9 MPa
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or or'tE + tF,,) LL = 204.9 KN
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For general stability, the conventional Euler formula was used:
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where

p2 = I/A = 118.9 m’
LT = 872.5 mm

E_ = 115.08 GPa

FC

o 7.9 MPa = F_




Load applied at general stability stress is:

+t. ) LL = 131.1 KN
R

Comparing local and general stability, the column would be expected to
fail in the general instability mode.

In different sources, Poisson's Ratio has different values; e.g., u = .33
(limited number of tests performed on SPF/DB Ti-6Al1-4V materials or 4= .31
(Reference 4).

Test Pesults

Test data consist of load versus deflection, gage readings, strain gage
indications, and geometry of the specimen. The failure occurred in the general
instability mode as predicted by analysis, followed almost instantly by local
instability failure of one face sheet intranode element. The failure stress
was obtained by dividing the failure load by the cross section area:

) p 180589
b= = = 2505 MPa

(t. +t.) LL (1.37 + 1.19) 281

po= i 155440 " - 122.8 GPa
€A 0.5 (1083 + 1938)10 ° (1.37 + 1.19) 281

Poisson's Ratio was calculated on the basis of the ‘train readings, one
along the load direction (strain gage No. 7) and the other perpendicular to it
{strain gage No. 3).

Load (KN)
Strain Gage 46.70 66.72 03.41 113.42 133.44
No. ~ 119 173 245 299 351
No. 7 396 568 782 937 10873
#(= No. 3/No. 7) 0.30 0.30 0.31 0.32 0.32
May; = 0.31




Figure 74 is a plot of load versus strain from strain gage No. 7 and
illustrates clearly the abrupt onset of failure. Figure 75 shows the specimen
ready for testing in the test machine, while figures 76 and 77 show the failed
specimen after removal of the load.

Test/Predicted Correlation
The local instability failure stress test/predicted correlation value of:

250.5 .
is closely in line with the transverse short colum T/P buckling ratio of .84.
The general instability failure stress test/predicted correlation value of:
250.5
EEEICHRE
indicates a very accurate prediction capability. The modulus of elasticity T/P
value is:

122.8
113.08

= 1.086

Poisson's ratio test/predicted value:

8';% = 1 ({for non-SPF/DB materials)
0.31 L
033 = 0.94 (for SPF/DB materials)

In present computations, the Poisson's Ratio used was u= 0.33. The present
value of k= 0.31 coincides with the value indicated in Reference 4 for
non-SPF/DB material. However, the difference in values does not repreient a
significant difference in predicted buckling stiess values:

5
il_iyg;§§71.= 0.986
(1 - 0.317)

Recommendations

On the basis of the similarity to the local buckling test results obtained
from transverse short column specimens, the corresponding recommendation will
not be changed but rather considered confirmed. Also, local buckling in
transverse loading should be considered as ultimate load. The modulus of
elasticity obtained from test is 9 percent higher than predicted. This is not
considered a significant deviation and the predicted value should be considered
adequate for future design.



FRACTIRE MECHANIGS TESTS

Fatigue Panel

Specimen Description

A single large panel, figure 78, was tested in ambient laboratory air to
the load spectrm of table XIII to determine the durability and damage
tolerance characr~ristics of the structure. The panel was designed witha
longitudinal core vrientation and with four 3.0 x 1Z.7 mm (0.120 x 0.500 in.)
wide crack-stopper strips diffusion bonded to the inside surface of one face
sheet at the core nodes. The purpose of these strips was to study their
influence on the growth rate of an approaching face sheet crack compared to the
influence of adjacent unstiffened core nodes. Strain gages were mounted on the
external side of the face sheet at cach of the crack strips to measure the
stress redistribution resulting from exrension of the artificial crack that was
induced at the beginning of the second lifetime.

Test Spectrum

The cyclic load spectrum applied to the fatigue structural performance
panel is listed in table XIII. The same spectrum of stresses was also applied
to crack growth test specimen F-06 but with a lower maximum load because of the
narrower width of F-06. This spectrum consists principally of four-segment
operational flights together with a small number of check flights. The table
represents one design lifetime of 21,100 flights and includes 1,286,000 cycles.
The steps were applied in full, sequentially as listed. This use of this
spectrun and the manner in which it was applied were directed by the custamer
in order to facilitate ccmparison of Rockwell's test results with those of
another contractor conducting a similar research program.

Test Results

The structural performance panel was tested in ambient laboratory air to
the cyclic load spectrum of table XIII. The 1.0-g stress level for the test
was 172 MPa (25 ksi) while the maximum stress in the spectrum was 231 MPa (33.5
ksi). The durability of the panel was demonstrated by the successful
completion of the first lifetime without crack initiation. Prior to the start
of the second lifetime an artificial crack was introduced by electrical
discharge machining through the thickness of one face sheet at mid-point.
Testing was continued with crack growth measured and recorded after periodic
increments of growth. Failure of the panel occurred after 4215 cycles of step
7 of the second lifetime. A total of 950,000 cycles, approximately 75 percent
of a lifetime, were applied in the second lifetime up to the time of failure.
During this time the intentionally initiated crack grew fram an initial length
of 2.8 mm (0.11 in.) to 37.3 mm (1.47 in.). A plot of this growth is shown in
figure 79. Failure did not occur in this primary test area. The crack that
ultimately caused failure of the panel initiated at an edge of the panel
approximatelv 230 mm {9 in.) above the mid-panel test area and progressed
inward, undetected, on one face sheet for a distance of 76 mm (3 in.) prior to
catastrophic failure. The general location of failure initiation was in one
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face sheet along a raw edge of the panel which resulted when the specimen was
cut to test configuration fram a larger SPF/DB panel. Thus the resulting test
panel did not have edge closeout members such as the type that would exist on
production aircraft panels.

The strain gages mounted on the facesheet were read periodically from the
beginning of the test to confimm the desired stress level. They did not,
however, register any significant redistribution of stress from the growing
mid-panel artificial crack because the test was terminated before the crack had
grown into their area of influence.

Based on the inadvertent failure of this panel it should not be assumed
that the SPF/DB process produces structurally deficient panels. Prior to the
inadvertent failure, this test had successfully demonstrated one crack-free
durability lifetime of 21,100 flights and 50,000 flight hours plus 3/4 lifetime
of steady, non-catastrophic growth from an intentionally initiated crack at the
mid-panel test area.

Because of the close proximity of the failure to the mid-panel test area
it was deemed impractical to effect a repair that would not impact the
subsequent distribution of the load in a continuing test, thus the notion of a
repair was discarded and the test was terminated.
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SECTION III

CONCLUSIONS

It is felt that all stated objectives of this program have been
essentially satisfied. More specifically, in an examination of the grogram

results with respect to the detail objectives (refer to Introduction

, 1t can

be concluded that:

1.

SPF/DB titanium alloy expanded truss-core sandwich has been shown to
be an applicable and qualified candidate for future supersonic cruise
aircraft design in that basic structural allowables can be reliably
predicted. (The relative cost/weight merits of SPF/DB titanium
sandwich in comparison with other structural concepts are not within
the scope of this program.) Test results from replicate specimens for
the various loadings and temperatures tested showed a statistically
acceptable repeatability and satisfactory correlarion with analytical
predictions. Where empirical factors need be applied to the
analytical formulae, they are easily determined.

It must be noted that in regard to evaluating the overall
applicability of SPF/DB titanium sandwich to future supersonic cruise
aircraft, this program contributes only a first step in that broad
objective. The development of the technology of SPF/DB titanium
sandwich structural design will require a carefully planned,

multidirectional program of many phases to evolve a fully validated,
competitive system.

State-of -the-art procurement specifications and optimized process
parameters for SPF/DB titanium sandwich were established by the Air
Force BLATS program in a virtually concurrent schedule with this
program. This program corroborated that predetermined sandwich
geometries can be consistently produced over relatively large panels.
It is felt that the various quality discrepancies experienced were the
result of economies inherent in a low-volume development program and
would become negligible in a production enviromment with dedicated
tooling. However, this program did emphasize the vital importance of
precise process control and a rigid quality assurance specification.

The SPE/DB titanium sandwich design data base was supplemented by this
program to the extent permitted by the limited range of variables
encompassed. In static strength, the most important contribution was
the demonstration of the validity of the analytical prediction
techniques and the ability to generate straightforward empirical
adjustment factors where necessary. In the area of fatigue strength
and crack-growth characteristics, basic data were acquired. One
crack-arresting design concept was investigated.
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Argon Tubes Installat ion

Figure 10.
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Figure 70. Crack Growth Curve for Test Specimen F-11 at 21° C (70° F)
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Figure 72. Crack Growth Curve for Spectrum Test Specimen F-06
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Table Il

RADIOGRAPHIC INSPECTION RESULTS

1 2 3 4 5 )
. -
Core rupture X(4) X(b) X(J)
Core thinning X(4) X(7) X
)
Core distortion X(l) X X X X“s) XLQ)
Core spacing X X X
) 3 (2}
Nonbonds x\%) x(% xt?) X\
NOTES: 1. Edge only
2. 6 to 12 mm (1/4 to 1/2 inch) diameter
3. 152 mm (6 inches) diameter
4. At node termination only
5. 5% of panel area
6. 20% of panel area
7. 60% of panel area
8. 60% of panel area. Distortion not perceptible to visual
examination of cut specimens
9. 70% of panel area
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Table 1V

MATERIAL PROPERTIES

Temperature -54° C RT 260° C
Fcy (MPa) 932.9 813.6 488.2
Ec (GPa) 115.90 113.08 96.19

NCTE The use of nondifferential chem-milling of the panels, with consequently
heavier than designed faces, caused the buckling stress level for the
longitudinally tested specimens to be pushed into the plastic range and
introduced the influence of the plasticity correction factor into the
prediction of the buckling stresses. New data should be obtained in the
elastic range (low-level stress) to eliminate the plasticity factor
influence.
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TABLE IX

BENDING BEAM LONGITUDINAL TEST EVALUATION

Predicted Test

Stress Stress Test/Predicted

(MPa) (MPa)
BBLL 689 | 707 775 | 1047 1.12 1.48
BBIR1 610 | 660 759 | 1074 1.24 1.62
BBLR2 724 | 719 669 | 945 .92 1.31
BBLR3 674 | 537 455 | 550 .95 1.02
BBIH 810 {770 854 | 895 1.05 1.16




TABLE X
BENDING BEAM TRANSVERSE TEST EVALUATION

Predicted Test
Stress Stress
Fer fer
Specimen (MPa) (MPa) T/P

BBLT 295 445 1.51
BBTR1 287 477 1.66
BBTR2 276 412 1.49
BBTR3 319 395 1.24
BBTH 231 306 1.32
Average 1.44

ey
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